Autoimmune diseases are frequently characterized by the presence of autoantibodies directed against nucleic acidprotein complexes present in the nucleus of the cell. The mechanisms by which these autoantigenic molecules escape immunological tolerance are largely unknown, although a number of recent observations suggest that modified selfproteins generated during apoptosis may play an important role in the development of autoimmunity. It has been hypothesized that the recognition of these modified selfproteins by the immune system may promote autoantibody production. While apoptosis is specifically characterized by posttranslational modification of proteins, recent findings also show that nucleic acids are modified. This review summarizes the specific cleavages of some of these key nucleic acids, i.e. chromosomal DNA, ribosomal RNA and small structural RNAs (U1 snRNA, Y RNA), in apoptotic cells.
Immunological tolerance broken by autoantigen modi®cations?
Systemic autoimmunity is characterized by the production of autoantibodies which are directed toward a number of autoantigenic proteins. Expression of these autoantigens can be either ubiquitous, as in non-organ-specific autoimmune diseases, or restricted to a particular type of cell, as in organ-specific autoimmune diseases. It is still not understood which driving force propels self-proteins to escape immunological tolerance and thus to become autoantigenic. Several hypotheses have been formulated of which the`unusual modification of self-proteins' has received increasing attention during the last 5 ± 6 years.
The`unusual modification of self-proteins' hypothesis implies that when control of a normal cellular process (e.g. apoptosis) is lost, novel or neo-epitopes may be uncovered or generated on self-proteins and presented to the immune system as non-self ( Figure 1A) . Such novel or neo-epitopes might be the result of a change in 3D-structure as a consequence of a proteolytic cleavage or an amino acid modification. The presentation of the neo-epitope by Th-cells might lead to an immune reaction, which in certain cases, due to`intramolecular/intermolecular epitope spreading', could explode into the production of a broad range of autoantibodies directed to the whole self-antigen. The process of epitope spreading in relation to autoantibody production has been extensively reviewed by others and will be touched on only briefly here. 1, 2 As shown in Figure 1B , an autoimmune response is elicited by the presentation of a T-cell neoepitope, e.g. a modification of self-component C1, by antigenpresenting cells. This activates a population of autoreactive Th-cells that have the capacity to induce B-cells carrying the C1 neo-epitope to proliferate and mature. Autoreactive B-cells carrying antigen receptors specific for individual components of the`C1/C2/C3-complex' (see Figure 1B) , will all be able to present the specific`T-cell C1 neo-epitope' as well as C2 and C3 (neo-)epitopes. Thus, these B-cells, with different antigen receptor specificities, can be induced to proliferate and mature by a single Th-cell population specific for only one neo-epitope.
A typical example of a process in which many selfproteins are cleaved or modified is apoptosis, 3 ,4 a genetically determined program that eliminates unneeded, senescent, or damaged cells. It has been shown that autoantigens targeted in SLE become concentrated in two discrete populations of surface structures on apoptotic cells, namely apoptotic bodies and apoptotic surface blebs. 5 ± 7 Under normal conditions such unwanted apoptotic cells are quickly and efficiently removed by macrophages or other phagocytic cells without ever being exposed to the immune system. However, when the clearance of apoptotic cell remnants is for some reason less efficient this might result in a temporarily increased exposure of modified self-components to the immune system. Genetic and/or environmental factors may then contribute to activation of the immune system. Interestingly, impaired phagocytosis of apoptotic cells in SLE patients has been observed. 8 Genetic factors may be critical determinants in the subsequent development of an autoimmune disease. 4 Unregulated, excessive or massive apoptosis, for example induced by viral or bacterial infections, or following exposure to toxins, drugs or UVlight, might, possibly in combination with defective clearance, also result in activation of the immune system ( Figure 1A ). Although experimental data to support the latter pathway are still very scarce, it has been reported that SLE patients contain increased levels of circulating apoptotic cells.
9,10
Figure 1 Generation of novel/neo-epitopes during apoptotic cell death and possible consequences. (A) Massive apoptosis and/or an inefficient/defective clearance of apoptotic cells can result in an accumulation of antigenic epitopes that are exposed to the immune system. The subsequent presentation of apoptotically modified molecules will initiate an immune reaction, which in certain cases, due to`epitope spreading', could evolve into the production of a broad range of autoantibodies directed to the whole (non-modified) self-component. (B) Intra-and intermolecular epitope spreading. B-cells with various specificities for the same molecule (intramolecular), or for other tightly associated molecules (intermolecular) can be stimulated by T-cells specific for one neo-epitope. See text for further details
Modi®cations of autoantigenic proteins
The best characterized apoptotically induced modification is the specific cleavage of autoantigenic proteins by cysteinyl aspartate-specific proteinases (caspases). 11 At present, the apoptotic cleavage by caspases of many autoantigens has been documented (reviewed in 12 ). Interestingly, many autoantigens that are not cleaved by caspases were recently found to be cleaved by granzyme B. 13, 14 Granzyme B is a serine protease present in the cytoplasmic granules of cytotoxic T-lymphocytes (CTLs) and natural killer (NK) cells and induces, in the presence of perforin, apoptosis. 15 ± 17 Since most of the reported apoptotically cleaved autoantigens have important functions in the cell, their cleavage during early stages of apoptosis is likely to interfere with basic cellular processes.
Although caspase-mediated cleavage of autoantigens has been the most studied to date, other types of posttranslational modifications which occur during apoptosis and which might play a role in the generation of autoantibodies have been described. It has been shown recently that at least four SR (serine arginine-rich) proteins, i.e. pp54, pp42, pp34, and pp23, become hyperphosphorylated and associated with the U1 snRNP complex in apoptotic cells. 18 Rutjes and coworkers 19 reported recently on the specific dephosphorylation of the La (SS-B) autoantigenic protein during apoptosis. Crosslinking by tissue transglutaminase, 20 (de)ubiquitination, 21 citrullination, 22 and poly(ADP-ribosyl)ation are also modifications that may create novel epitopes or increase the half-life of autoantigenic proteins present in apoptotic cells, leading to changes in the exposure of these modified antigens to the immune system (also reviewed elsewhere in this issue, and in 12 ). In addition to the extensive modification of proteins during apoptosis, also nucleic acids, DNA and some selected RNAs, are cleaved during this process. Remarkably, most of these modified nucleic acids are known autoantigens, i.e. autoimmune patients make autoantibodies against these molecules, or these nucleic acids are tightly associated with autoantigenic protein components. Anti-nucleic acid autoantibodies most likely arise via intermolecular epitope spreading (see Figure 1B) . In case of an RNA-protein complex, a B-cell might express an antigen receptor that recognizes (a modification of) the RNA component, e.g. component C3 of the C1/C2/C3-complex in Figure 1B . After internalization and processing of the RNA-protein complex via the RNA-specific B-cell, a variety of different epitopes, including the C1 neo-epitope, will be presented on the B-cell. Exposure of the C1 neo-epitope on the B-cell results in its stimulation via the C1 neo-epitope specific Th-cell and the subsequent production of anti-RNA antibodies.
Modi®cation of chromosomal DNA
The nucleosome as antigen in SLE Eukaryotic DNA is organized as chromatin, a compact structure composed of a string of subunits, the so-called nucleosomes. A nucleosome contains a protein core with DNA wound around its surface like thread around a spool. The protein core is an octamer containing two copies each of histones H2A (14 kDa), H2B (13.8 kDa), H3 (15.3 kDa) and H4 (1.3 kDa). Each nucleosome is associated with one molecule of histone H1 (23 kDa). The DNA content of a single nucleosome plus the DNA linking neighboring nucleosomes varies between 160 and 200 nucleotides. It has been shown that DNA circulating in the blood is always in a nucleosomal form, 23, 24 and that systemic lupus erythematosus (SLE) patients produce autoantibodies directed to nucleosomes. 25 It is generally accepted that among these autoantibodies also reactivities directed to DNA and/or histones are present. 26 Chromosomal DNA is cleaved by a caspase-dependent endonuclease in apoptotic cells
Cell death by apoptosis, first described by Kerr and coworkers, 27 plays a crucial role during the development, proliferation and differentiation of mammalian organisms. This process is characterized morphologically by condensation and fragmentation of nuclei and cells, and biochemically by the fragmentation of chromosomal DNA into nucleosomal units (*200 bp). 28 In 1998 Enari and co-workers 29 reported the isolation and characterization of a protein that induces DNA degradation in isolated nuclei of normal non-apoptotic murine cells after treatment with caspase-3, suggesting that these cells carry an inactive form of that particular nuclease. As caspase-3 treatment was necessary to activate this endonuclease, it was designated CAD (caspase-activated DNase). In the cytosol of growing nonapoptotic murine cells, Enari and co-workers also discovered the protein that inhibited the activity of CAD. This protein, which they called ICAD (inhibitor of CAD), is associated with CAD in a cytoplasmic complex, the DNA fragmentation factor (DFF). Caspase-3 activation in apoptotic cells results in the cleavage of ICAD thereby releasing active CAD. Since CAD contains a nuclear localization signal, it translocates to the nucleus where it cleaves chromosomal DNA. 29, 30 In humans, DFF is composed of a 45 kDa subunit (DFF45) that is homologous to murine ICAD, and a 40 kDa subunit (DFF40), also known as CPAN (caspase-activated nuclease), that is homologous to murine CAD. 29 ± 34 In this review we will only use the ICAD and CAD annotations.
The DFF complex unraveled
CAD is present in healthy cells where it is held in an inactive state through the association with its inhibitor ICAD. The ICAD protein is inactivated in apoptotic cells via caspase-3 cleavage thereby releasing CAD, which subsequently cleaves chromosomal DNA. Upon apoptotic stimulation in vitro (e.g. with recombinant caspase-3 or apoptotic cell lysates) and in vivo, ICAD (331 aa) is cleaved into three different protein fragments of 10 ± 15 kDa due to the presence of two caspase-3 cleavage sites, i.e. 114 DETD 117 and 221 DAVD 224 ( Figure 2A) . 30, 32 The finding that ICAD can also be cleaved in caspase-3 knockout cells suggested that other caspases may also cleave ICAD. 35 Indeed, it has been shown recently that ICAD can be efficiently cleaved (in vitro) and inactivated by caspase-3 and caspase-7, weakly by caspase-8 and not by caspase-6. 36 Several studies have addressed the protein domains of ICAD and CAD that interact with each other. The truncated ICAD proteins D1 (aa 1 ± 117), D2 (aa 118 ± 224), D3 (aa 225 ± 331), D1-2 (aa 1 ± 224) and D2-3 (aa 118 ± 331), 37, 38 were generated based on the locations of the caspase cleavage sites (Figure 2A) . 32 It was shown that domains D1-2 and D2-3 of the ICAD protein bind more stably to CAD than the single domains D1, D2, or D3. 38 Fine mapping revealed that (i) D1 binds to the first 80 amino acids of CAD; (ii) D2 appears to bind to a region between amino acids 117 and 150; and (iii) D3 is likely to bind to a region between residues 81 and 117. 36 Because the most important function of ICAD is to inhibit the function of CAD, the relationship between the binding of the individual ICAD domains and the activity of CAD was investigated. The activity of CAD could be effectively inhibited by the D1-2 and D2-3 domains. 37 D1, D2, and D3 were much less efficient inhibitors of CAD activity which correlates with their low binding capacity. Gu and co-workers 39 mapped the CAD binding domain of ICAD to amino acid residues 101 ± 180, and the inhibitory domain necessary to inhibit the activity of CAD to amino acid residues 23 ± 100. Based on the three published CAD binding domains of ICAD, i.e. amino acids 1 ± 224, 37 118 ± 331 37 and 101 ± 180, 39 the most important amino acid residues for CAD binding are likely to be located between amino acid residues 101 and 180 in ICAD. However, the finding of Gu and co-workers 39 that the inhibitory domain is located between amino acid residues 23 and 100 contradicts the results of McCarty and co-workers 37, 38 who demonstrated that the site was contained between amino acid residues 1 ± 224 and 118 ± 331. Further experiments will be required to clarify this issue.
As a consequence of alternative splicing, two isoforms of ICAD are generated, the short ICAD-S/DFF35 (comprising 265 and 268 aa in the murine and human protein, respectively) and the long ICAD-L/DFF45 (both 331 aa). 29, 30, 39 Although both proteins bind to CAD, only ICAD-L/DFF45 has chaperone activity to assist in the correct folding of CAD during synthesis. This indicated that the most C-terminal region of ICAD-L/DFF45 (aa 265 ± 331) is important for its chaperone-like function. 39 However, McCarty and co-workers 37 reported that D1 (aa 1 ± 117) contains a chaperone-like function and that D1-2 (aa 1 ± 224) has only poor chaperone activity. These results indicate that there are two putative chaperone-like domains, one located in the N-terminal half and the other in the C-terminal half of ICAD.
A comparable mapping of the CAD protein domains has also been performed ( Figure 2B ). 40 Deletion of the Cterminal catalytic domain (aa 162 ± 345) abrogated the endonuclease activity of CAD (345 aa) but not its binding activity to ICAD. Removal of amino acid residues 1 ± 83, which include the regulatory or activator domain, produced a CAD mutant that was constitutively active and was neither bound to ICAD nor required caspase-3 for activation. The regulatory or activator domain (aa 1 ± 83) of CAD and the D1 domain (aa 1 ± 117) of ICAD are homologous to each other and to the regulatory CIDE-N domain of pro-apoptotic CIDE (cell death-inducing DFF45-like effector) proteins. 39, 41 Mutational analysis of the most conserved amino acid residues within the regulatory CIDE-N domain of CAD showed that this domain is not only involved in the association with ICAD, but also promotes the activity of the endonuclease or catalytic domain (aa 162 ± 345). This has also been suggested by the studies of McCarty and co-workers. 38 Although the CIDE-N domains of CAD and ICAD are homologous, their functions are certainly not identical. The CIDE-N domain of ICAD inhibits the endonuclease activity of CAD, whereas the CIDE-N domain of CAD enhances the endonuclease activity. 39, 40 Differences in function of the CIDE-N domains might result from differences in amino acid sequence or from conformational differences in the respective proteins. This issue may be solved by the analysis of chimeric ICAD and CAD proteins in which the CIDE-N domains have been swapped.
The DFF complex during apoptosis
In healthy cells, CAD is inactive as a consequence of its association with ICAD. 37 ± 40 During apoptosis the ICAD protein is cleaved at amino acid residues 117 and 224 which results in the abrogation of its inhibitory activity and release of CAD. 32 Released and thus activated CAD translocates to the nucleus and cleaves chromosomal DNA. It has been shown that CAD exhibits nuclease activity on protein-free DNA in the presence of caspase-3 and ICAD. 29, 31, 33 However, the finding that CAD showed weaker endonuclease activity on naked DNA than chromosomal DNA from intact nuclei, 32 suggested that other nuclear factors are necessary for optimal CAD activity. These factors appeared to be the abundant chromatin-associated proteins histone H1, 36 HMG-1 (high mobility group protein 1) 31 and HMG-2. 42 Remarkably, in apoptotic cells expressing caspase-resistant ICAD, chromosomal DNA is not cleaved although chromatin is condensed. 43 This pointed to the presence of a caspase-activated but ICAD-independent factor involved in the condensation of chromatin. Recently, the protein involved in this process, Acinus (apoptotic chromatin condensation inducer in the nucleus), has been cloned. The Acinus protein is activated during apoptosis by caspase-3 and induces chromatin condensation without DNA fragmentation. 44 The mechanism by which Acinus induces chromatin condensation has not yet been described.
Modi®cation of ribosomal RNA
The 60S large ribosomal subunit as antigen in SLE In cells of higher eukaryotes the 60S large ribosomal subunit, which contains the 5S (121 nts), 5.8S (159 nts) and 28S (approx. 5000 nts) ribosomal RNA (rRNA) molecules, and the 40S small ribosomal subunit, which contains the 18S (approx. 2000 nts) rRNA molecule, associate into the 80S ribosomal complex during translation. Whereas the small 40S subunit binds to messenger RNA (mRNA), the large 60S subunit catalyzes the peptide-bond formation. More than 80 proteins are associated with the rRNA components of the 80S ribosome, and some of them are autoantigenic.
The major autoantigenic proteins of the eukaryotic 80S ribosomal complex recognized by autoantibodies from sera of SLE patients are the P (phospho) proteins P0 (37 kDa), P1 (19 kDa) and P2 (17 kDa). 45 The P proteins are associated with the 60S ribosomal subunit as a pentameric complex (one copy of P0, and two copies of P1 and P2 each) via direct binding to the 28S rRNA molecule. 46 RNase protection studies indicated that the pentameric P protein complex protects nucleotides 1838 ± 1936 of the 28S rRNA molecule suggesting that this part of the RNA contains the protein binding site. 47 In addition to the anti-P antibodies, sera of SLE patients may also contain antibodies directed to the 28S rRNA molecule itself. 48, 49 The autoantigenic region of the 28S rRNA molecule, also referred to as 28S-Ag RNA, has been mapped between nucleotides 1944 ± 2002 and is thus in close proximity to the binding site of the pentameric P complex. 49 The P proteins and the 28S-Ag RNA together form a functional GTPase domain. Autoantibodies against the ribosomal S10 (20 kDa), 50 L12 (20 kDa) 51 and L7 (30 kDa) 52 proteins have also been detected but modifications of these proteins have not yet been reported.
The 28S rRNA molecule is cleaved during apoptosis
The 28S rRNA molecule consists of conserved and variable or so-called divergent domains (D1 ± D12), 53 of which the conserved domains constitute the core RNA backbone of the ribosome. The presence of divergent domains (D) in 28S rRNA of higher eukaryotes is the result of evolutionary largescale expansions, both in length and diversity, in regions that are inserted between the conserved domains. 54, 55 As a result, nearly half of the 28S rRNA sequences in eukaryotes consists of divergent RNA. 56 Although the precise function of D domains is unknown, the fact that certain subdomains, i.e. D2c and D8b, diverge faster during phylogeny than one might expect from random mutations as compared to other D domains, seems to indicate that they have more than a structural role to play. 56 ,57 D domains have therefore been suggested to be involved in the translational machinery as riboregulators, protein anchoring regions, or as domains for RNA-RNA interactions. 58 In 1993, 17 years after the discovery that chromosomal DNA is cleaved during apoptosis, 28 Houge and co-workers observed that in apoptotic rat myeloid leukemia IPC-81 cells the 28S rRNA molecule, which is a component of the 60S large ribosomal subunit, was cleaved into several distinct fragments. 59 Cleavage of 28S rRNA was first observed between 2 and 4 h after the induction of apoptosis and correlated with an increase in the percentage of morphologically changed (apoptotic) cells. The autoantigenic ribosomal P proteins are not susceptible to apoptotic cleavage by caspases 60 or granzyme B. 14 Houge and co-workers have studied the behavior of the 28S rRNA during apoptosis in parallel with the degradation of chromosomal DNA and other markers of apoptosis. 59, 61, 62 Although their initial results indicated that cleavage of 28S rRNA coincided with DNA fragmentation, 59 ,61 they recently demonstrated that the cleavage of 28S rRNA and chromosomal DNA may occur independently. 62 The 28S rRNA molecule is also cleaved in the apoptotic human leukemia cell lines K562, Molt-3, Molt-4 and U937. 62 However, in the human HL-60 leukemia cells apoptosis could be induced without any signs of rRNA cleavage. Houge and co-workers observed no specific cleavage of 18S rRNA during apoptosis. 59, 61, 62 However, recent reports revealed that both the 28S rRNA and the 18S rRNA are cleaved in several cell lines during apoptosis. 63 Interestingly, it has also been reported that the mitochondrial 16S rRNA molecule can be cleaved after apoptotic stimulation. 64 The apoptotic cleavage sites in rat 28S rRNA have been mapped to the two largest divergent domains, D2 (approx. nts 400 ± 1200) and D8 (approx. nts 2700 ± 3400), 61 each of which contains two apoptotic cleavage sites. The two apoptotic cleavage sites in the 5'-region of 28S rRNA, i.e. divergent domain D2 (D2c), have been mapped at about nucleotide 890 and between nucleotides A1192-U1193 ( Figure 3A) . In divergent domain D8 (D8b), which is in the 3'-half of 28S rRNA, the two apoptotic cleavage sites are between nucleotides U3257-U3258, and U3288 to U3290 ( Figure 3B) . 61 The observed cleavage patterns in the hypervariable 55, 57 D2 and D8 subdomains, D2c and D8b, are apoptosis-specific because necrosis induction and the incubation with several RNases (RNase T 1 and RNase U 2 ) resulted in different cleavage patterns. 61 Based on the speculation that the primary target that is cleaved in the 28S rRNA molecule can either be in the D2 or in the D8 domain, it was hypothesized that there might be two alternative apoptotic cleavage pathways. 58 In pathway 1, apoptotic cleavage starts in D8b and is subsequently followed by a secondary cleavage in D2c. Pathway 2 is characterized by an initial cleavage 5' upstream of the D2c subdomain followed by a 3' cleavage downstream of the D2c subdomain which results in the excision of D2c. 58 In apoptotic bovine endothelial cells the alternative targets for rRNA cleavage are the D6 and D8 domains. 61 Cleavage in D8 is speculated to be mediated by an RNase activity that is activated during apoptosis because D8 is, in comparison to D2 and D6, more sensitive to the incubation with RNase T 1 and RNase U 2 .
58,61 A detailed characterization of the apoptotic 28S rRNA cleavage products in human cells has not yet been published.
Possible consequences of ribosomal RNA cleavage
Ribosomal RNA (28S) can be added to the growing list of (marker) molecules known to be modified during the apoptotic process. As both 18S rRNA and 28S rRNA are constituents of the 80S ribosomal complex that is involved in the translation of mRNAs, it is tempting to speculate that cleavage of ribosomal RNAs may contribute to the inhibition of protein synthesis. However, as cleavage of the ribosomal RNAs seems in certain cases to be a cell-specific event, 62 the mechanism of rRNA cleavage can also be considered as a non-specific event that reflects the generalized shut down of translation and homeostatic regulation during caspase regulated cell death.
Modi®cations of messenger RNA
Because ribosomal RNAs are cleaved during apoptosis, one might also expect some apoptosis-specific cleavage of mRNA molecules. However, only a few reports have described an increased rate of mRNA turnover during apoptosis. 65, 66 It is likely that an increased rate of mRNA degradation in apoptotic cells is due to the activation of the nucleolytic activities that are described in the other paragraphs of this review. However, in view of the extensive structural heterogeneity of mRNAs, their generally short half lives, and the abrogation of their synthesis (both transcription and processing) and translation during apoptosis, it would not be surprising that a special machinery for apoptotic mRNA degradation is absent from eukaryotic cells.
Modi®cations of small structural RNAs
The U1 snRNP complex as autoantigen in SLE During splicing non-coding or intron sequences are removed from precursor mRNA (pre-mRNA) molecules in order to obtain functional mature mRNA. 67 The first and triggering step in this process is the association of the U1 small nuclear ribonucleoprotein (U1 snRNP) complex with the 5'-splice site of an exon. This snRNP complex consists of the U1 snRNA molecule (165 nts) and the U1 snRNP specific proteins U1A, U1C, and U1-70K plus a set of eight proteins, called the Sm proteins, which are shared with other U snRNPs. Most of the individual protein components of the U1 snRNP complex are targeted by autoantibodies present in the serum of patients with SLE and SLE-overlap syndromes (reviewed in 68 ). During apoptosis, the U1-70K protein is specifically cleaved leading to the appearance of a 40 kDa fragment, 69, 70 whereas the U1A, U1C and Sm-B/B' proteins are not detectably modified. 60, 71 All proteins remain associated with the U1 snRNP complex in apoptotic cells. 71 The U1 snRNA molecule itself is a major target of autoimmunity in SLE-overlap syndromes, 72 and it has been shown that changes in the titer of anti-U1 snRNA autoantibodies may correlate with the severity of the disease. 73 The most immunodominant epitopes of the autoantigenic U1 snRNA molecule are located in stemloop II (nts 49 ± 65 and 76 ± 90) and stemloop IV (nts 150 ± 153), 74 and were recently characterized in more detail using several recombinant human monoclonal antibodies (scFvs). 75, 76 Figure 3 Modification of the 28S rRNA molecule during apoptosis. Schematic secondary structure of the 5'-half (A) and 3'-half (B) of 28S rRNA in combination with the 5.8S rRNA (A). The apoptotic cleavage sites, as they occur in the D2c and D8b subdomains of the rat 28S rRNA sequence, are indicated by arrows. 61 The gray shaded box marks the region containing the binding site of the P proteins and the immunodominant region as reported for the human 28S rRNA molecule. 47, 49 The positions of the divergent domains D1-D12 are indicated. The secondary structure used to create this figure was obtained from the`RNA Secondary Structures' website (http://pundit.icmb.utexas.edu/). Note that due to the lack of an available structure of rat 28S rRNA the corresponding mouse structure was used. The highlighted D2 and D8 sequence elements (containing the apoptotic cleavage sites) correspond to the rat sequence
The U1 snRNA molecule is cleaved during apoptosis
The fate of the U1 snRNA molecule during apoptosis was examined by polyacrylamide gel electrophoresis and Northern hybridization. In all tested apoptotic mammalian cell lines (Jurkat, human T cell leukemia; HeLa, human cervix carcinoma; HL-60, human promyelocytic leukemia; 4B1, mouse cells overexpressing the human Fas-receptor), U1 snRNA was specifically cleaved. 71 Cleavage of U1 snRNA appeared to be a universal phenomenon, as this snRNA was cleaved in various cell types rendered apoptotic with a variety of stimuli (anti-Fas mAb 7C11, murine Fas-ligand, anisomycin, staurosporine, cycloheximide). Intriguingly, the nonautoantigenic U2, U3, U4, U5 and U6 snRNA molecules were not detectably modified. The truncated U1 snRNA molecules migrate as a doublet in denaturing polyacrylamide gels, which is the result of cleavages occurring at the 5'-side of either c6 or c7 in the single-stranded 5'-end of the snRNA ( Figure 4A) . 71 This might suggest that two flanking pseudouridines (c) are involved in the selection of cleavage sites. However, the U2 snRNA molecule is not cleaved despite the presence of a similar c-doublet in a single-stranded region near the 5'-end (nucleotides 7 and 8). 77 These data suggest that other structural elements are also necessary for cleavage to occur.
The Ro RNP complex as antigen in SLE and SjS
Another prominent autoantigenic RNA-protein complex is the Ro RNP complex. Ro RNPs are small cytoplasmic RNAprotein complexes which contain the 50 kDa La (SS-B) protein and the 60 kDa Ro protein (Ro60). The autoantigenic Ro and La proteins were initially identified by autoantibodies . 78 In contrast to the well characterized function of U snRNP complexes, the function of Ro RNP complexes is still unknown. The RNA backbone of Ro RNP complexes is a Y RNA molecule, of which four have been identified in humans: hY1 (112 nts), hY3 (101 nts), hY4 (93 nts) and hY5 (84 nts). 79 The hY RNA molecules, which are all RNA polymerase III transcripts, are characterized by an oligouridylate stretch at the 3'-end to which the La protein is bound and a conserved stem structure formed by extensive base-pairing between the evolutionarily conserved 5' and 3' ends, which is the binding site of Ro60. 79 In contrast to the protein components of the Ro RNP complex, autoantibodies recognizing hY RNAs are restricted to hY5 RNA. 80 It has been shown recently that La is cleaved by granzyme B, 14 and that the protein is rapidly dephosphorylated and partly cleaved during apoptosis. 19 The Ro60 protein is not detectably modified by caspases or granzyme B (references 14, 60 and our own unpublished results).
The hY RNAs are cleaved/degraded during apoptosis
Upon exposure of all cell types tested to a variety of apoptotic stimuli the small cytoplasmic hY RNAs are extensively, rapidly and selectively cleaved/degraded during apoptosis ( Figure 4B ). 81 In contrast, other RNA polymerase III products like 7SL RNA, 5S rRNA and tRNA are not detectably cleaved. The length of the various hY RNA cleavage/degradation products was determined by coimmunoprecipitation, which showed that the apoptotic fragments that remain associated with Ro60 range from 22 to 36 nucleotides, while those that remain associated with the La protein range from 27 to 36 nucleotides. This heterogeneity in size is due to (i) the fact that the fragments are derived from 4 RNAs (hY1, hY3, hY4 and hY5); (ii) the 3'-end heterogeneity of native individual hY RNAs; and (iii) the presence of both 5'-end and 3'-end fragments of these RNAs as the Ro60 binding site is composed of a hybrid of these. The size of the apoptotic hY RNA cleavage/degradation products implies that these do not result from a single endonucleolytic cleavage reaction. Either several endonucleolytic cleavages or a combination of endo-and exonuclease activities are required to generate these products.
The apoptotic modifications of U1 snRNA and hY RNA are caspase-dependent
To determine whether the activation of caspases is required to induce apoptotic cleavage of U1 snRNA and cleavage/ degradation of hY RNA, Jurkat cells were cultured in the presence of four cell permeable tetrapeptide caspase inhibitors, Ac-YVAD-CMK, Z-DEVD-FMK, Z-IETD-FMK, or Z-LEHD-FMK (irreversible inhibitors of caspases 1, 3, 8 and 9, respectively), prior to and during apoptosis induction. 71, 81 Cleavage of U1 snRNA was partly inhibited in the presence of the caspase-1, -3 and -8 inhibitors, but not by the caspase-9 inhibitor. These results indicated that U1 snRNA cleavage is dependent on caspase activation, and that a caspase-activated RNase (CAR) might be involved in this event. 71 The cleavage/degradation of the hY RNA molecules was almost completely inhibited in the presence of the caspase-1, -3 and -8 inhibitors, which suggests that this process is also dependent on CAR. 81 In contrast, the caspase-9 inhibitor only partially inhibited hY RNA cleavage/degradation. It thus seems that hY RNA cleavage/degradation is mediated by the activation of caspase-8 and the subsequent activation of an effector caspase, e.g. caspase-1 or caspase-3, that is responsible for the activation of the ribonuclease.
Possible consequences of small structural RNA cleavage
The removal of the first 5 ± 6 nucleotides including the 2,2,7-trimethylguanosine-cap (TMG) of U1 snRNA may have several consequences. The most obvious of these is that pre-mRNA splicing would be inhibited since the formation of a commitment complex at the 5' exon/intron junction, to which the U1 snRNA molecule binds via its 5'-end, may be thwarted. Previously, it has been shown that oligonucleotides complementary to the first 14 nucleotides of the U1 snRNA molecule can block pre-spliceosome and spliceosome assembly in vitro. 82 Alternatively, cleavage of U1 snRNA may change the specificity of pre-mRNA splicing. This possibility is supported by some recent observations. First, hyperphosphorylated SR proteins, which have been shown to be involved in alternative splice site selection, become associated with the U1 snRNP complex during apoptosis. 18 Second, it has been demonstrated that purified phosphorylated SR proteins can restore in vitro splicing activity in extracts depleted of U1 snRNP, suggesting that the U1 snRNP complex may not be essential for this process. 83 Therefore, it is tempting to speculate that SR proteins may substitute for the modified components of U1 snRNP, i.e. U1-70K and U1 snRNA. This may be associated with the alternative splicing of mRNAs encoding apoptosis regulating factors such as bcl-x, Ich-1, or IEX-1, all of which exist in proapoptotic or anti-apoptotic isoforms that are regulated at the level of pre-mRNA splicing (reviewed in 12 ). In fact, it has recently been shown that overexpression of an SR protein can regulate the splice site selection of the mRNA encoding Ich-1. 84 As the function of the Ro RNP complexes is still unknown, it is difficult to speculate about the implications that cleavage/degradation of hY RNA molecules during apoptosis might have on cellular processes. The apoptotic modification of key proteins which are involved in important cellular processes, like cell cycle regulation, signaling, DNA repair, cell homeostasis or cell survival, will certainly contribute to the irreversibility of the apoptotic process. This might also be true for the hY RNAs, as they have recently been suggested to be involved in the translational control of ribosomal protein mRNAs and possibly other 5'TOP (terminal oligopyrimidine-containing) mRNAs. 85 The rapid, specific and efficient cleavage/degradation of hY RNAs during apoptosis suggests that these molecules have an as yet unknown key function in the cell.
Concluding remarks
The mechanism(s) by which autoantigens escape immunological tolerance are largely unknown. However, recent observations, such as the impaired phagocytosis of apoptotic cells in SLE patients, 18 suggest that modified self-proteins (autoantigens) generated during apoptosis or necrosis, may play a role in the development of autoimmunity. As such, also the study of unusual modifications of RNA molecules, i.e. 28S rRNA, U1 snRNA and hY RNAs, rather than proteins during apoptosis is important and opens a complete new field of research. The enzymatic activity responsible for the cleavage of 28S rRNA, U1 snRNA and hY RNAs, is the first indication for the existence of caspase-activated ribonucleases (CARs). The fact that CAR only affects the autoantigenic U1 snRNA and not the non-autoantigenic U2, U3, U4, U5 or U6 snRNAs is intriguing. The same holds for the Y RNAs which are, as far as we know, the only RNA polymerase III products that are cleaved/degraded during apoptosis.
The modified nucleic acids which have been summarized in this review are all known autoantigenic molecules or associated with autoantigenic proteins. Their modification during apoptosis suggests a certain degree of selectivity because other small structural RNAs are not cleaved. In this respect it will be important to isolate and characterize the caspase-activated RNase or CAR that must be responsible for the cleavage of these RNA molecules.
